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Vertically aligned single-walled carbon nanotubes SWCNTs can be fabricated on the Co/Si100
substrate in a gravity assisted chemical vapor deposition process. The Co/Si100 substrate is tilted
such that its surface normal points downwards in the chemical vapor deposition process. All the
SWCNTs are lined up with the direction of gravity. The length of SWCNTs increases with growth
time. A modified vapor-liquid-solid mechanism is proposed to explain the role of gravity in the
precipitation of SWCNTs and in the lineup behavior of SWCNTs. © 2006 American Institute of
Physics. DOI: 10.1063/1.2228068Carbon nanotubes CNTs, exhibiting unique physical
and chemical properties, have been applied in the fields of
field emission displays,1 hydrogen storage,2 gas sensors,3 and
electronics4,5 since their discovery in 1991.6 Single-walled
carbon nanotubes SWCNTs is of particular interest among
various types of CNTs Refs. 7 and 8 since their semicon-
ducting characters are suitable to fabricate electronic devices
such as Schottky diode4 and metal semiconductor field effect
transistor MESFET.5 A method frequently used to get a
discrete SWCNT for device fabrication is to spray a large
amount of SWCNTs on a substrate patterned with metal pads
and followed by sequential device fabrication. In the past
decade, several research groups have attempted to develop
other processes to align SWCNTs across electrodes in chemi-
cal vapor deposition CVD in order to avoid the uncertainty
of the spraying process.9–12 Two growth methods assisted by
electric field and gas flow have been proven useful in align-
ing SWCNTs during the CVD process. SWCNTs can be
horizontally aligned across two electrodes biased with an
electric field of 0.5–2 V/m reported by Ural et al.9 The
electric field assisted CVD method is very promising for
growing aligned SWCNTs. However, the method is complex
due to the experimental setup of bias voltage in the CVD
furnace at high temperature 800–1000 °C. The gas flow
assisted CVD method is a simple process. SWCNTs tend to
grow parallel with gas flow direction in the CVD process,
reported by Huang et al.11 However, SWCNTs fail to grow
straight when they are too long to touch the substrate surface
due to the van der Waals interaction.12
In this letter, we will present the concept of “gravity” in
the growth of SWCNTs, which has been usually omitted in a
CVD process. Vertically aligned SWCNTs are grown down-
wards from the Co catalysts hanged on the Si100 substrate.
The orientations of SWCNTs are verified to line up along the
direction of gravity.
A Co layer of 0.5–2 nm thick was deposited onto
p-Si100 by magnetron sputtering. The as-deposited
Co/Si100 substrate was cleaned by acetone and de-ionized
water before being put into the center of the CVD furnace.
The as-cleaned substrate was placed on an Al2O3 holder with
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heated from room temperature to 900 °C in the CVD furnace
flowing with argon gas. The as-heated substrate was kept at
900 °C at an atmosphere of H2 for 10 min prior to the
growth of SWCNTs in order to remove any possible
metal oxide. A H2/CH4 mixed gas with flow rates of
80/160 SCCM SCCM denotes cubic centimeter per minute
at STP was fed into the furnace for 1.5 min to grow
SWCNTs hanged on the Co/Si100 substrate. The surface
morphologies and microstructures of the as-grown samples
were characterized by using a JEOL JSM-6500F field-
emission scanning electron microscope FESEM and a JEM
2010 transmission electron microscope TEM, respectively.
Raman spectra were measured to characterize the vibration
signals of SWCNTs by using high-resolution micro-Raman
Jobin Yvon HR800 system operated with an Ar ion laser at
a wavelength of 488 nm. The micro-Raman laser beam size
was focused to a diameter of about 1 m and the corre-
sponding signal resolution was 0.4 cm−1.
Figure 1a shows the SEM image of CNTs pointing
downwards from the Co catalysts hanged on the Si100 sub-
strate. The average length and the growth time of CNTs are
100 nm and 1.5 min, equivalent to a growth rate of
4 m/h. The growth rate of CNTs increases nonlinearly
with growth time, which reaches 20 m/h at 3 min. The
CNTs of longer length 1.5 m remain very straight as
shown in Fig. 1b. The growth of vertical CNTs is attributed
to the factor of gravity, supported by a comparative experi-
ment where the Si substrate faces upwards. CNTs are hori-
zontally across the Co catalysts on the Si substrate as shown
in Fig. 1c, similar to previously published results.13,14 This
confirms that the force of gravity dominates in the growth of
vertical CNTs in the CVD process.
The Raman spectrum of the vertical CNTs exhibits char-
acteristics of SWCNTs as shown in Fig. 2a. The sharp and
prominent “G-band” peak at 1590 cm−1 has been ascribed
to the tangential modes of the graphite structure in CNTs.15
The weak “D-band” peak around 1320 cm−1 is an indication
of the presence of defects or finite size of nanotubes.15 The
clear resonant peaks of the radial breathing mode RBM
signals in the range of 100–300 cm−1 are evidence of the
existence of SWCNTs,16–18 which are usually used to esti-
mate the diameter of a SWCNT based on the equation
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Downldnm=A / cm−1−14,16 where d is the diameter, A a con-
stant, and  the RBM frequency. Recently, the constant A is
determined to be 224 Ref. 17 and 248 Ref. 18 for indi-
vidual and bundle SWCNTs, respectively. The diameters of
SWCNTs are estimated to be 1.34–2.3 nm for individual
SWCNT or 1.21–2.07 nm for bundle SWCNTs in our case.
Our TEM investigation confirms the coexistence of both in-
dividual and bundle SWCNTs, which diameters are mea-
sured to be 1.3 and 1.2 nm as indicated in the TEM images
in Figs. 2b and 2c, respectively.
The vertical SWCNTs hanged on Co/Si100 have the
tendency to line up with the direction of gravity as shown in
Fig. 1. The effect of gravity is further confirmed by tilting the
Co/Si100 substrate 45° downwards. Figure 3 shows the
SEM images of SWCNTs hanged on Co/Si100 with
FIG. 1. SEM images of carbon nanotubes grown on the Co/Si100 sub-
strate with different substrate orientations and growth time. a Downwards,
1.5 min. b Downwards, 3 min. c Upwards, 3 min.Si100 surface normal pointing a downwards and b 45°
oaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP licdownwards. All the SWCNTs line up with the direction of
gravity in both substrate orientations.
The effect of gravity on the growth of vertical SWCNTs
can be well explained by a modified vapor-liquid-solid
VLS mechanism,19,20 which is sketched for both substrate
orientations in Figs. 3c and 3d. The VLS mechanism has
been proven useful to explain the growth of SWCNTs, in
which the metal catalysts are considered to be in the form
of liquid drops during the growth of SWCNTs at high
temperature.19,20 Recently, Homma et al. have further veri-
fied that nanoscale Co catalysts can be liquefied at 600 °C
FIG. 2. a Raman spectrum of the vertical carbon nanotubes CNTs in Fig.
1a. The radial breathing mode RBM signals in the range of
100–300 cm−1 indicate that the CNTs are single-walled carbon nanotubes
SWCNTs. b TEM image of individual SWCNTs. The diameter of a
SWCNT is 1.3 nm. c TEM image of bundle SWCNTs. The diameter of a
SWCNT is 1.2 nm.
FIG. 3. SEM images of single-walled carbon nanotubes SWCNTs grown
on Co/Si100 with Si100 surface normal pointing a downwards and b
45° downwards. Their corresponding growth mechanisms are sketched in
c and d, respectively. The gravity helps SWCNTs to precipitate at the
bottom of the metal drops and to line up with the direction of gravity in both
substrate orientations.
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validity of the VLS mechanism. The liquid metal catalysts in
the VLS mechanism play catalytic roles for the carbon-
containing “vapor” to dissociate on the metal surface, for the
dissociated carbon to diffuse into the metal “liquid” drop,
and for the saturated carbon to precipitate in the “solid” form
of SWCNTs on the metal surface. The modified VLS mecha-
nism sketched in Figs. 3c and 3d takes into account the
gravity effect on the diffusion path of the dissociated carbon
inside the liquid metal drop. The dissociated carbon in a
liquid can be treated as Brownian particles moving in the
same direction as gravity in the diffusion process according
to the theoretical works by Etori22 and Chandrasekhar.23 This
increases the probability for carbon to saturate at the down-
most point of the liquid metal drop. The saturated carbon is
thus precipitated in the solid form of SWCNTs at the bottom
of the metal drops for both substrate orientations. After
nucleation, the SWCNTs continue to grow in the form of
solid, which are expected to be hanged out of the metal liq-
uid drops by their own mass. The SWCNTs then grow along
the gravity direction, as shown in Figs. 3a and 3b.
Besides gravity, gas flow has been reported to be able to
affect orientation of SWCNTs.11,12 The domination of gravity
on the growth of vertical SWCNTs in Fig. 1 can be realized
by comparing the force magnitudes of gas flow and gravity
in our system. The force on a SWCNT due to gas flow with
velocity v is estimated to be in the order of v2d per unit
length, where  is the gas density, v the flow velocity, and d
the diameter of a SWCNT.24 The flow rate of the CH4/H2
mixed gas is 240 cm3/min and the cross section of the
quartz tube is 50.2 cm2. The flow velocity is 0.08 cm/s
at 1 atm. The force due to gas flow is estimated to be
10−23 N for a 400 nm long SWCNT with d=2 nm. On the
other hand, the force due to gravity is estimated to be
10−20 N for a 400 nm long SWCNT with d=2 nm. The
gravity force is larger than the gas flow force by approxi-
mately two orders of magnitude. This can explain the
SWCNTs lining up with the gravity field in our system.
Vertically aligned SWCNTs can be achieved by using
the concept of gravity in the CVD process. The vertical
SWCNTs are lined up with the direction of gravity. The suc-
cess of growth supports the validity of the vapor-liquid-solid
mechanism where the Co metal of nanoscale size is in theoaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP licform of liquid drops during growth at high temperature. The
gravity plays roles in the precipitation of SWCNTs at the
bottom part of Co liquid drops and in the lineup behavior of
SWCNTs.
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